The soluble NADH dehydrogenase of low molecular weight, isolated from complex I (NADH:ubiquinone oxidoreductase, EC 1.6.5.3) of the respiratory chain, has been shown to have NADPH dehydrogenase and NADPH -NAD transhydrogenase activities. Both activities are greatly increased in the presence of added guanidine*HCI and at pH values <6.5.
The chromophores of the soluble enzyme (flavin and iron-sulfur centers) are reduced by NADH and NADPH to the same extent. The latter reduction is extremely slow, and is considerably stimulated in the presence of guanidineHCl.
The soluble dehydrogenase has little or no NADH -_ NADP and NADPH -NADP transhydrogenase activity. The former reaction is known to be energy-linked in submitochondrial particles; the latter was shown in the present studies also to be energy-linked.
In view of the above and earlier results, possible mechanisms for dehydrogenation and transhydrogenation (nonenergy-linked and energy-linked) involving reduced and oxidized NAD and NADP are proposed.
The mitochondrial electron transport system can oxidize NADPH directly, i.e., without the intervention of NAD and the transhydrogenase reaction (1, 2) . Under optimal conditions, the rate of NADPH oxidation by submitochondrial particles is >250 nmol-min-1-mg-1 protein at 300, and under phosphorylating conditions NADPH oxidation is coupled to ATP synthesis with P/O of 2.4-2.9 (2, 3). Both NADPH dehydrogenase and NADPH -NAD transhydrogenase activities fractionate mainly into complex I (NADH:ubiquinone oxidoreductase, EC 1.6.5.3), the iron-sulfur centers of which have been shown in recent electron paramagnetic resonance studies to be reduced to about the same extent by NADPH and the slowly oxidized NADH analog, reduced acetylpyridine adenine dinucleotide (AcPyrADH) (4) .
Resolution of complex I with chaotropic agents yields a soluble NADH dehydrogenase with a molecular weight of 70,000-80,000 (5, 6) . The enzyme contains 1 mol of FMN, 4 g-atoms of nonheme iron, and 4 mol of labile sulfide per mol, and catalyzes the oxidation of NADH by quinoid structures (menadione, ubiquinones, 2,6-dichloroindophenol, methylene blue), ferric compounds (ferricyanide, cytochromes c), and NAD (for a recent review of complex I and the soluble NADH dehydrogenase, see ref. 7) .
The present studies show that the soluble NADH dehydrogenase* also catalyzes NADPH NADPH NADP, was shown in the present studies also to be energy-linked.
METHODS AND MATERIALS Phosphorylating submitochondrial particles (9), complex I (10), and NADH dehydrogenase using either urea or 0.5 M NaCIO4 for complex I resolution (5) were prepared according to published methods. Sodium dodecyl sulfate/polyacrylamide gel electrophoresis (11) , protein determination (biuret), and dehydrogenase and transhydrogenase assays were carried out as published (1) . Other details are given with the results. Spectrophotometric studies were carried out with Cary 118 and Aminco-Chance dual wavelength/split beam spectrophotometers. All nucleotides were obtained from P. L. Biochemicals. The sources of other chemicals were the same as detailed elsewhere (1) .
RESULTS
Effect of Guanidine on NADH Dehydrogenase. Table 1 summarizes the molecular and NADH dehydrogenase properties of complex I and the soluble NADH dehydrogenase isolated from complex I. As compared to complex I, the soluble dehydrogenase has a low dehydrogenase activity per mole of flavin and a higher Km for NADH. As seen in Fig. 1 , addition of guanidine hydrochloride (up to about 150 mM) to the assay mixture increases the Vmax and lowers the KmNADH of the enzyme, thus bringing these values closer to those of the complex I-bound dehydrogenase. Alkyl guanidines, including arginine and arginyl methyl ester, also activate the soluble dehydrogenase, but on a molar basis are less effective than guanidine-HCl (12) . Guanido groups of enzyme arginyl residues have been demonstrated to be involved, apparently as substrate binding sites, in nicotinamide nucleotide and adenine nucleotide linked enzymes (13) (14) (15) (16) , including the NADPH -NAD transhydrogenase activity of the respiratory chain (2) . The and presence of 75 mM guanidine are also shown.) Fig. 3 shows a similar effect of guanidine on the reduction of the enzyme prosthetic groups [FMN and iron-sulfur center(s)] by NADPH. At pH 6.0, the reduction of oxidized enzyme by NADPH from trace I to trace 6 of Fig. 3 took 25 min at 220, allowing multiple tracings of the intermediate stages of reduction to be made ( Fig.  3 and inset, dashed traces). In the presence of 50 mM guanidine, however, NADPH reduced the soluble dehydrogenase from trace I to trace 6 in less than 1 min. As seen in Fig. 2 , guanidine stimulation of NADPH dehydrogenase activity, especially at pH >6.0, is much greater than stimulation of NADH dehydrogenase activity, and at pH <5.5 the enzyme has considerable NADPH dehydrogenase activity in the absence of added guanidine.
Transhydrogenase Activities of the Soluble NADH Dehydrogenase. (2, 20) .
As a working hypothesis, we are considering that the dehydrogenase contains two closely related "active" sites: site 1 for dehydrogenation of NADH and NADPH (or reduction of NAD and NADP by reverse electron transfer in submitochondrial particles), and site 2 for binding of a second nucleotide for transhydrogenation (Fig. 6) susceptible arginyl residue to be located in site 2, which agrees with the observed results. Thus, in trypsin-or butanedionetreated particles NADH and NADPH dehydrogenation at site 1 would be unaffected. Nor would transhydrogenation from NADH to NAD be inhibited, because neither nucleotide contains a 2'-phosphate to bind to the trypsin/butanedione-susceptible arginyl residue. In membranes, the stereospecificity of hydride ion transfer is 4B for NADH and NADPH oxidation, 4A for NADH --NADP transhydrogenation, and 4B for NADPH --NAD transhydrogenation (7, (21) (22) (23) . Assuming as discussed above that in NAD(H) NADP(H) transhydrogenation site 2 would bind NADP(H), then these stereospecificities will be satisfied by arranging the nicotinamide rings as shown in Fig. 6 . Energy-Linked Transhydrogenation. As stated above, reduction of NADP by either NADH or NADPH is an energylinked process in mitochondria. Studies on the kinetic and thermodynamic features of the reaction NADPH + NAD NADP + NADH have shown that the forward reaction is unaffected (i.e., its initial rate) by the energized state of the membrane and proceeds to an equilibrium close to unity as expected from the redox potentials of the two nucleotides (23 23) .
However, an examination of the data of 6.5 ,M under energy-linked conditions. Thus, energized membranes might provide for a special interaction of the transhydrogenase with NADP (possibly involving the guanido group of the essential arginyl residue and the 2'-phosphate of NADP to form enzyme-arginyl ... 2'-phospho-NAD), which will allow the nucleotide to unfold, be better accommodated at the enzyme active site in relation to NADH or NADPH, and allow its nicotinamide C-4 to become a better hydride ion acceptor than when it is in close proximity of the negatively charged 2'-phosphate. This mechanism can also allow for consumption of stoichiometric amounts of ATP during energy-linked transhydrogenation (23) . It also agrees with the significant fact that in the absence of an energy supply, submitochondrial particles can still catalyze NADH --NADP transhydrogenation with appreciable rates when the assay pH is lowered to pH S6.0 (27) , and the protonated state of the phosphate groups of the nucleotide substrates is favored.
